Introduction {#Sec1}
============

The European badger (*Meles meles*) has been the focus of significant research interest and political debate in the United Kingdom. On the one hand, the badger is an icon of conservation and, owing to a history of persecution, is protected by U.K. and international legislation. On the other hand, badgers contribute to the persistence of bovine tuberculosis in the U.K. cattle population^[@CR1]^ and are involved in damage to crops, buildings and infrastructure^[@CR2],\ [@CR3]^, thus raising licensing and management issues for U.K. governments. The challenge for researchers is how to generate reliable estimates of badger abundance at both regional and national scales, to inform decisions on potential management options.

Direct estimation of badger numbers is challenging owing to their nocturnal and fossorial habits. However, as badgers live in territorial social groups across much of their UK range and occupy relatively conspicuous burrows (setts), this provides opportunities for indirect estimation of abundance. As a general rule each badger social group would be expected to have one "main" sett in their territory, which is occupied throughout the year and forms the focus for most social interaction and breeding. They also have other, generally smaller and more intermittently used, subsidiary and outlying setts elsewhere in the territory^[@CR4]^. Hence main setts provide opportunities for estimating numbers of badger social groups. Two large scale surveys of badger setts in England, Wales and Scotland^[@CR5],\ [@CR6]^ have used the presence of main setts as a proxy for the presence of badger social groups to provide estimates of badger social group abundance in Great Britain. More recently, further sett surveys have been undertaken in Scotland^[@CR7]^, Northern Ireland^[@CR8]^ and England and Wales^[@CR9]^ all of which provided updated estimates of badger social group abundance and have outlined significant changes in the abundance of badger social groups.

Social group abundance does not directly equate to badger abundance, but it could be used to estimate badger abundance, if reliable data on social group sizes were available. Previously, estimates of badger population size have used published data from a small range of studies as a multiplier to derive population estimates from sett survey data^[@CR5],\ [@CR6]^. However, these studies were not all contemporary with, nor fully representative of the geographical area or landscapes covered by, the sett surveys. These are potentially important shortcomings as badger social group size is known to vary considerably both in space and time^[@CR10]--[@CR12]^. The Woodchester Park long-term study of a high-density badger population has identified substantial variation in the number of animals present within and among social groups^[@CR13]^. Furthermore, in this same population, changes in badger abundance were driven by variation in social group size whilst the total number of groups and associated main setts remained relatively stable^[@CR14]^. By contrast, in a long-term study of badgers in Sussex, the number of main setts and associated badger social groups more than doubled over a 20 year period, while social group territory sizes halved^[@CR15]^. Another long-term study, at Wytham Woods in Oxfordshire, described how the number of badger social groups in the study area increased from 1974 to 1993, but that subsequent growth of the population took place in the absence of further changes in the number of social groups^[@CR16]^. Hence, a change in the density of main setts may not necessarily be accompanied by a proportional change in badger abundance. Furthermore, at a larger geographic scale there is some evidence that social group size is typically smaller in lower quality habitats^[@CR17]^ suggesting that in order to estimate badger abundance at such scales, social group size may need to be estimated across a range of landscape types.

In the present study, we conducted hair trapping and genotyping to generate contemporary estimates of mean badger social group sizes for areas of England and Wales that had been part of our 2011--13 badger sett survey^[@CR9]^. We estimated badger social group sizes using capture-mark-recapture analyses of the genotyped hair. We then combined our estimates of social group size and abundance to produce robust estimates of the abundance of badgers in England and Wales.

Results {#Sec2}
=======

A total of 635 hair traps were placed at 122 main setts (average 8.2 traps/sett; range 2 to 18) in 87 × 1 km squares (range 1--3 setts/square) distributed among Land Class Groups 1--6. During the 2011--13 badger sett survey of England and Wales^[@CR9]^ no main setts were recorded in any of the 29 squares surveyed in Land Class Group 7, therefore, it was not possible to set hair traps in this Group. Between one and 126 (mean = 27.6) hair samples were collected per sett. In total 3362 hair trap-day samples were collected and submitted for analysis. Full genetic profiles were returned from 1415 (41.9%) of these samples and a total of 501 individuals were identified. The number of individual badgers per social group, estimated by capture-mark-recapture analysis of genotypes varied within and between Land Class Groups (LCG) (Table [1](#Tab1){ref-type="table"}, Supplementary Figure [S1](#MOESM1){ref-type="media"}). The mean estimated number of badgers per social group varied from 2.67 in LCG3 to 7.92 in LCG4 (Table [1](#Tab1){ref-type="table"}).Table 1Estimates of the mean number of badgers per social group in each Land Class Group, the total number of social groups sampled in each Land Class Group and the number of those social groups at which only one badger was identified.Land Class GroupNumber of social groupsNumber of single capture social groupsEstimated mean number of badgers/social groupStandard error of estimate11316.541.3821506.271.743302.670.2743827.920.865807.501.7261214.170.57Land Class Group 7 was not included because no main setts were recorded in any of the surveyed squares in this Group during the 2011--13 sett survey.

Combining the estimated mean number of badgers per social group in each LCG derived from surveys in 2012--14 with the mean number of badger social groups per LCG derived from the badger sett survey conducted in 2011--13^[@CR9]^ results in a total population estimate of approximately 485,000 badgers (95% confidence intervals 391,000--581,000) in England and Wales (Table [2](#Tab2){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}). Of these 55% are in LCGs 1 and 4, which are lowland pastoral landscapes predominantly found in the south-west of England and south Wales.Table 2The estimated number of badgers in each Land Class Group as calculated from the estimated mean number of badgers per social group and number of social groups and extrapolated population estimates for England and Wales combined (with standard errors, relative standard errors and 95% confidence intervals shown as appropriate).Land Class GroupMean badgers per social groupNumber of GroupsNumber of badgersestimateserse (%)estimateserse (%)estimatese95% CI16.541.3821.1121109798.17917917890±3506526.271.7427.81915515578.112003734714±6804032.670.2710.2118846639.231691284±251747.920.8610.82395112505.218971622779±4464757.501.7223.08769107112.26576917100±3351764.170.5713.7647298315.2269655508±1079574.17^a^0.57^a^13.7^a^274^b^NANA1140156±305England & Wales6.740.639.47191926973.848471448653±95360^a^Assumed to be equal to LCG 6, ^b^based on the observed number of other setts and the assumption that there is approximately one main sett for every four "other" setts in LCG7. Figure 1Estimates of badger population size (**a**) and density (**b**) in each Land Class Group. Shaded blocks indicate 95% confidence intervals for means.

Using the total number of 1 km squares in each LCG and in the whole of England and Wales, badger population density in England and Wales combined was estimated to be 3.29/km^2^. Mean badger density estimates per LCG ranged from 0.26/km^2^ (LCG7) to 5.98/km^2^ (LCG4) (Table [3](#Tab3){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}). The expected badger population size is approximately 424,000 in England and 61,000 in Wales.Table 3Estimates of mean badger population density in each Land Class Group with standard error and 95% confidence intervals.Land Class GroupTotal number of 1-km squaresMean population densityestimatese95% CI1140065.651.28±2.502465582.580.75±1.46334610.920.37±0.734317235.980.72±1.415261592.510.65±1.286214531.260.26±0.50743800.260.04±0.07England & Wales1477383.290.33±0.65

Discussion {#Sec3}
==========

This study represents the first systematic attempt to generate contemporary badger social group size estimates across the range of landscapes found in England and Wales. Our results show substantial variation in group size within and among Land Class Groups^[@CR10]--[@CR12]^. Combining our estimates of badger social group sizes with the estimated number of social groups from the recent sett survey of England and Wales^[@CR9]^ yielded an estimate of the total badger population in England and Wales in 2011--14 of 485,000 (95% confidence interval 391,000--581,000), and an overall density of 3.29 badgers/km^2^ (95% CI 2.64--3.94).

The uncertainty associated with the population size estimate presented here is approximately ±20% and has three main sources. First, there is variation in the number of social groups observed in each location surveyed within each LCG^[@CR9]^. Second, there is variation in the number of individuals present in each social group within each LCG. The third source of uncertainty is associated with the estimated number of individuals within each social group. Each of these sources of variation contributes to uncertainty about the average badger population density within each LCG. Because of the way in which the effect of independent sources of variation or uncertainty combine, smaller sources of uncertainty make a disproportionately small contribution to the total uncertainty. This means that just looking at the size of the individual sources of uncertainty can give a misleading impression about their relative importance. Hence, we estimated how much the uncertainty associated with the national estimate could be reduced if these sources of variation were reduced to zero. For example, surveying a much larger area of land would reduce uncertainty associated with the average density of social groups. We estimated that this could result in a modest reduction in uncertainty associated with the total population size estimate from ±19.7% to ±18.3%. Similarly surveying each group much more intensively is expected to reduce the uncertainty associated with the estimated total population size from ±19.7% to ±19.3 whereas greatly increasing the number of social groups surveyed is estimated to reduce the uncertainty associated with the estimated total population size from ±19.7% to ±8.2% Therefore, all other things being equal, the greatest reduction in uncertainty in the population estimate would be achieved by surveying a larger number of social groups to improve the estimated average number of badgers per group. Furthermore, it would not be prudent to increase the area of land surveyed for badger setts or the intensity with which groups were surveyed without also increasing the number of social groups surveyed because the total uncertainty would not be reduced.

In future, the precision of national estimates of badger abundance could best be improved by deploying more effort to collect social group size data from a larger sample of groups. Therefore in any repeat survey, there may be a requirement to consider relative deployment of effort between sett surveys and social group size estimation. Exactly how this is done will depend on the aims of a follow-up survey, and the available resources. For example, if the aim is to detect change in abundance of the national badger population, then optimising precision by increasing the sample of social group size estimates may be necessary. Alternatively, understanding changes in the distribution of badgers may best be achieved by focussing resources on sett surveys.

One previous study attempted to quantify the size of the national badger population by using an overall estimate of social group size of 5.9, derived from live-capture results from field studies based largely in south-west England^[@CR5]^. This resulted in an estimated badger population in Great Britain (i.e. England, Wales and Scotland) in the 1980s of approximately 250,000. The wide variation in social group sizes observed in the present study suggests that the use of a single group size multiplier derived largely from one region is almost certain to result in biased population estimates. While it is not possible directly to compare that population estimate with our findings owing to this difference in social group size methodology the results of the most recent badger sett surveys of England and Wales^[@CR5],\ [@CR9]^ which used directly comparable approaches, suggested an 88% increase in the abundance of badger social groups in the two countries between the 1980s and 2011--14. As the badger population estimate presented here is almost double the previous estimate for the whole of Great Britain^[@CR5]^, and assuming that social group sizes were not grossly overestimated in the present study, the evidence suggests that the badger population in England and Wales has increased substantially since the 1980s. Importantly, the results of the present study provide a robust contemporary estimate of the size of the badger population in England and Wales derived from a representative and systematic sampling approach. This provides a population baseline against which subsequent changes in badger abundance in England and Wales could be directly compared.

Methods {#Sec4}
=======

Sampling Design {#Sec5}
---------------

The Land Classification System was devised by the Centre for Ecology and Hydrology (CEH) and it assigned each 1 km square in the UK to one of 32 Land Classes according to its predominant habitat type^[@CR18],\ [@CR19]^. The CEH system was simplified into seven broad landscape types, known as Land Class Groups (LCG1 to LCG7; see Judge *et al.* ^[@CR9]^ for further details), as used in previous stratified surveys of mammals^[@CR20]--[@CR22]^ including badgers^[@CR5],\ [@CR6]^ and in the 2011--13 badger sett survey^[@CR9]^.

The two previous badger sett surveys of England and Wales^[@CR5],\ [@CR6]^ demonstrated that variation in the number of main setts (and, therefore, social groups) per square was greater in some LCGs than others. Therefore, the most recent sett survey^[@CR9]^ adopted a disproportionate stratified random sampling strategy, in order to focus on those LCGs with the highest expected variation, which were also the squares with historically higher badger sett densities (see Judge *et al.* ^[@CR9]^ for further details) This was reflected in the present study, with sample squares concentrated in LCGs with historically higher badger social group densities.

We randomly selected 1 km squares from those containing at least one main sett in the most recent badger sett survey of England and Wales^[@CR9]^. The number of sampled squares in each LCG was determined by estimating the relative standard deviation of the mean number of badgers within and between social groups, based on the weighted mean and weighted pooled standard deviation of social group size reported in the available literature^[@CR23]--[@CR27]^. Assuming that each square only contained one main sett, the target distribution of hair-trapped squares across the LCGs, which had a Relative Standard Error (RSE) of 8.5%, is shown in Table [4](#Tab4){ref-type="table"}. Due to issues with obtaining landowner permission and time constraints the actual number of squares that were sampled with hair traps was 72, however as 15 squares contained two main setts and three had three main setts, hair traps were ultimately placed at a total of 120 main setts (Table [4](#Tab4){ref-type="table"}), reducing the RSE to 8.2%.Table 4Land Class Groups showing the associated total number of squares with main setts recorded in the 2011--13 badger sett survey of England and Wales^[@CR9]^ and the numbers of squares and main setts that were hair-trapped to estimate social group size in the present study.Land Class GroupNumber of squares with main settsTarget number of squares to hair trapActual number of squares hair trappedNumber of main setts hair trapped111017131421321712163723342613827665601089642691270000As no main setts were recorded in Land Class Group 7 in the 2011--13 badger sett survey, it was not possible to deploy any hair traps in this Group.

During the 2011--13 badger sett survey of England and Wales^[@CR9]^ no main setts were recorded in any of the 29 squares surveyed in LCG7, although other types of sett were observed. Therefore, we assumed that the number of badgers per social group in LCG7 was the same as in LCG6 as they are both upland landscapes. Furthermore, as LCG7 represents only 2.9% of the rural land area in England and Wales and has a very low density of badger setts, it is considered very unlikely that any significant additional error would be introduced into the national estimates under these assumptions.

Hair Trapping {#Sec6}
-------------

Hair traps were deployed at all main setts within the selected sample of 1 km squares. On the initial visit an activity score (number of well used, partially used and disused holes) was recorded for each sett. Fieldwork took place from October 2012 to February 2013 and October 2013 to March 2014 inclusive. This overlapped and closely followed the sett survey fieldwork which took place between November 2011 and March 2013^[@CR9]^. Hair traps were only deployed at main setts to minimise the possibility of sampling badgers from neighbouring social groups. Fieldwork was not carried out in the summer as there is some evidence to suggest that this is when badgers spend more time away from the main sett^[@CR28],\ [@CR29]^. Also, hair trapping data collected in the summer would include potentially significant numbers of newly emerged cubs, which have a relatively high mortality rate^[@CR30]^, and may increase the variance of group size estimates.

Hair traps were deployed and hairs collected following a methodology developed for previous applications of this approach for estimating badger numbers^[@CR31],\ [@CR32]^. Hair traps consisted of a strand of barbed wire suspended across sett entrances and/or 'runs' close to the sett using natural features where possible or wooden stakes if necessary (Fig. [2](#Fig2){ref-type="fig"}). The number of traps per sett varied dependent on the number of active entrances and runs present, and was determined by an experienced surveyor.Figure 2Examples of hair traps *in situ* over badger sett entrance holes and runs.

Each hair trap was labelled with a unique identifier. Hair traps remained *in situ* for at least four weeks and during this time were visited for hair collection on alternate days, resulting in 14 sample collection days for each sett. On each visit all the hairs on each trap were collected into a labelled bag. The sample of hairs in each bag therefore represented a specific hair trap-day combination.

Genetic typing {#Sec7}
--------------

Genotyping was carried out by the Food and Environment Research Agency, York, U.K. following the protocols used in previous studies^[@CR31],\ [@CR32]^. A single hair was taken from each bag (i.e. from each hair trap-day) for genotyping. This hair was selected by visual assessment of the quality of the hair follicle, and with preference given to longer hairs, as experience suggests that these characteristics maximise the probability of obtaining a genetic profile. DNA extraction from hair samples was carried out using a Chelex c protocol^[@CR31]^. DNA samples were amplified for ten microsatellite loci. Null alleles (alleles which failed to amplify reliably for a particular microsatellite, leading to errors in the final data) were estimated using the programme CERVUS 3.0.333^[@CR33]^.One marker was excluded from subsequent analyses as it was associated with a high estimated proportion of null alleles. Only complete microsatellite profiles (i.e. only samples which had correctly amplified for all remaining nine markers) were used in subsequent analyses. Using a panel of ten microsatellites has a probability of producing a false match between two randomly selected individuals of less than 1 in 1,000 million. As the individuals within a badger social group are highly likely to be related, they have a greater chance of sharing the same profile. In order to quantify the likelihood of observing a false match within the sample using nine microsatellites, the combined non-exclusion probabilities for all individuals (P~*ident*~) and siblings (P~*sib*~) were calculated for the nine microsatellites as P~*ident*~ = 7.60E-9 and P~*sib*~ = 0.00055103. Therefore, there was a less than 0.1% chance of observing a single false match between profiles produced by 98 pairs of siblings.

Each profiled hair was allocated to an individual badger using the programme GeneCap^[@CR34]^. All identical profiles were assigned to a single individual. In general, the likelihood of two individuals sharing the same profile with the exception of a single mutation was lower than the likelihood of a single individual appearing to have two profiles due to a sequencing/scoring error ('stutter' or allelic drop-out). Hence, profiles which differed from one another by only a single mutation were assigned to a single individual. However, profiles with single-mutation differences that were not easily explained by sequencing error were assigned to separate individuals.

Reassignment of individuals to social groups {#Sec8}
--------------------------------------------

Eight badgers were identified from hair traps at more than one sett in the same square. A desk-based assessment was undertaken by experts using frequency caught at each sett, expert opinion, reference to the activity scores (recorded when the setts were visited to install hair traps) and original survey results. This resulted in six individuals being classified as resident at one main sett and 'visiting' the other. In the remaining two cases, the setts were determined not to be main setts because of the level of activity observed at the time of hair trapping and their distance to, and level of activity at, the nearest active sett. These reclassifications were attributed to changes in sett use between the original survey and when hair traps were deployed.

Statistical Analyses {#Sec9}
--------------------

Estimation of the number of individuals in each social group was undertaken using "Capwire" a method designed for estimating the size of small populations from genetic mark-recapture data^[@CR35]^. The number of badgers associated with each social group (i.e. with each main sett) was estimated by a mark-recapture analysis of the 'capture' of hairs from individual badgers. The number of badgers at each main sett was estimated using the two intrinsic rates model^[@CR35]^.

The method for estimating the number of individuals in social groups was modified when there were insufficient observations to allow estimation of the model parameters (n = 29 setts), as follows;i.A sett was excluded from the estimate if all the badgers at a sett were only hair trapped once because it was not possible to confidently assign those animals as being resident at that sett (n = 13 setts).ii.If genotyping indicated that all badgers were hair trapped the same number of times at a given sett (as long as the number of captures for each animal was greater than one), the group size estimate was deemed to be the same as the number of individuals identified by hair trapping (n = 4 setts).iii.If there were only two capture rates at a sett (e.g. some individuals were hair trapped once and the rest twice, or some twice and the rest four times etc.) then group size was estimated under the assumption that the underlying capture rate across individuals in the group was constant (n = 12 setts).

Scenarios ii. and iii. may be expected to produce estimates which are, on average smaller than the true social group size. Therefore our estimates for 16 of the 89 (18%) social groups may have been underestimated. Sizes were estimated independently for each social group, and hence capture rates and the effectiveness of hair trapping were assumed to be specific to each group.

Estimation of the mean social group size in each Land Class Group {#Sec10}
-----------------------------------------------------------------

Two sources of uncertainty about the mean group size were considered whilst estimating the mean social group size in each LCG: (i) the uncertainty associated with the estimate of the size of each social group, and (ii) the variation in size between different social groups within an LCG. To quantify these sources of uncertainty:Each social group size was represented by a single parametric bootstrap sample.Each LCG was represented by a simple bootstrap sample (re-sampling with replacement) of social groups within that LCG.A mean number of badgers per social group was calculated for the sample provided by each LCG.Steps 1--3 were repeated 1000 times. The standard uncertainty of the estimated mean social group size for each LCG was provided by the standard deviation of the 1000 estimates. This provided a measure of the effect of both between social-group variation and uncertainty associated with social group sizes within that LCG.

Although we may expect the variation in the number of individuals per social group to be best described by a distribution that is consistent with over-dispersed counts, such as a negative binomial, the uncertainty associated with mean social group size in each LCG was found to be sufficiently well approximated by a normal distribution based on the observed distribution of bootstrap estimates. Hence, confidence intervals for the mean number of badgers per social group were based on quantiles of normal distributions, and standard errors for population estimates based on combining Land Class Groups were based on a first-order Taylor series. Land Class Group 3 was an exception, but because of the very low number of social groups estimated to be present in this Group this has a negligible impact on the estimate.

Model Fit {#Sec11}
---------

Model fit for each social group was assessed by comparing the parametric bootstrap estimates for that social group with the central estimate of group size. An estimate outside the range of parametric bootstrap estimates was considered to be indicative of a case where the model used to estimate the size of the social group did not fit well with the observations. All estimates were within the expected interval based on bootstrapping. However, in social groups where a large proportion of observations were of single capture individuals, the confidence intervals were wide, demonstrating that the individual estimates of social group size are very sensitive to low capture rates.

Estimation of the number of badgers in England and Wales {#Sec12}
--------------------------------------------------------

The number of badgers in each LCG was calculated as the product of the mean number of badgers per social group estimated in this study, and the number of social groups estimated in the 2011--13 sett survey^[@CR9]^. The error associated with the estimate was based on an assumption that estimates of social group size and numbers of social groups were unbiased and the errors associated with estimates were uncorrelated.
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